Rotaviruses are well-known causative agents of enteric disorders in humans and 
| INTRODUCTION
Rotaviruses (genus Rotavirus, family Reoviridae) cause enteric disorders, mostly in young children and juvenile individuals of other mammalian species (Martella, Banyai, Matthijnssens, Buonavoglia, & Ciarlet, 2010) . Rotaviruses of groups A, D, G and F (RVA, RVD, RVG and RVF) were detected in avian species, such as chickens, turkeys and pheasants (Day, 2013; Otto et al., 2012; ter Veen, de Bruijn, Dijkman, & de Wit, 2017) . Experimental infections of pheasant chicks or turkey poults with rotaviruses induced intestinal disorders (Hayhow & Saif, 1993; Haynes, Reynolds, Fagerland, & Fix, 1994) . Furthermore, they are suggested to play a role in the runting and stunting syndrome and poult enteritis syndrome of turkey poults (Jindal, Patnayak, Chander, Ziegler, & Goyal, 2010; Otto et al., 2006 Otto et al., , 2012 . Only very little is known about the occurrence of rotaviruses in pigeons. Avian RVAs and RVDs were found in apparently healthy feral and domestic pigeons (Columba livia) in Japan, Hong Kong, Nigeria and Hungary (Minamoto, Oki, Tomita, Kinjo, & Suzuki, 1988; Pauly et al., 2017; Phan et al., 2013) . Gough, Cox, and Devoy (1992) reported the isolation of RVA from racing pigeons suffering from diarrhoea and they described the seroprevalence in healthy racing pigeons as 68%. Recently, a RVA of genotype G18P [17] was discovered in domestic pigeons in Australia. Affected flocks suffered from an acute, self-limiting transmissible disease with high morbidity and mortality of up to 45%. Diseased birds exhibited diarrhoea, vomiting and congested crops and hepatic necrosis was described as the most prominent microscopic lesion (McCowan et al., 2018) .
In Europe, the "young pigeon disease syndrome" (YPDS), a disease with similar but usually milder clinical presentation, has been known for more than 25 years. Various pathogens, including pigeon adenoviruses, pigeon circovirus 1 (PiCV-1) and Escherichia coli had been supposed to be involved (Raue et al., 2005) . However, a convincing association with YPDS could not be established for any of these pathogens. PiCV-1 has been suggested to induce immunosuppression in infected pigeons and to be involved in YPDS (Raue et al., 2005) . However, since several studies demonstrated a high prevalence of PiCV-1 in healthy and diseased juvenile pigeons and experimental models for PiCV-1 infection are not existent, an association between PiCV-1 and YPDS could not be established (Duchatel et al., 2010; Ledwon et al., 2011; Schmidt et al., 2008; Stenzel et al., 2016; Todd et al., 2006) . Likewise, E. coli are ubiquitously found in healthy pigeons as part of the intestinal flora (Wieler & Ewers, 2010) . Particular biotypes or pathotypes associated with disease in pigeons have not yet been identified. Pigeon adenoviruses were not or only sporadically detected in YPDS-affected pigeons in several studies, questioning their involvement in this disorder (Raue et al., 2005; Stenzel, Pestka, Tykalowski, Smialek, & Koncicki, 2012; Teske et al., 2017) .
Consequently, the etiology of YPDS remains obscure. The goal of our study was to establish and evaluate diagnostic tools for the detection of pigeon RVAs in Europe. Using these meth- 
| Detection of RVA-specific RNA by conventional RT-PCR assays and RT-qPCR
Viral RNA was extracted from swabs, faecal samples and cell culture supernatant by QIAamp viral RNA mini kit (Qiagen) and from organ samples using Trifast (Peqlab) according to the manufacturers′ instructions. Reverse transcription (RT) of 2 μg RNA per sample was performed using Revertaid reverse transcription reagents (Thermo Scientific). For denaturation of the double-stranded genomic rotavirus RNA, the initial denaturation was performed at 95°C. Two primer pairs for conventional PCR were designed for the detection of RVA-specific nucleic acids, based on the consensus of either all available avian RVA VP6 genotype I4 sequences or columbid RVA NSP4 sequences (Supporting Information Table S1 ). Furthermore, a VP6-specific qPCR assay initially established by McCowan et al. (2018) for the Australian pigeon RVA variant, was modified to cover also the European isolates identified in this study (Supporting Information   Table S1 ). PCR conditions are described in detail in the supplemental material (Supporting Information Table S1 ).
Products of the VP6-specific RT-PCR were sequenced by Sanger sequencing (365 bp) for all RVA-positive cases. For selected cases representing different years and genetic lineages, longer stretches of the VP6 gene (1,004 bp) were amplified and sequenced using additional primers (Supporting Information Table S1 ).
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| Next generation sequencing
Nearly complete RVA genome sequences were determined by next generation sequencing (NGS) from two samples: a pooled faecal sample collected from a non-lethal YPDS outbreak in a homing pigeon flock (DR-5, Germany, July 2016) and from the liver of an ornamental pigeon with severe hepatic necrosis which died during an outbreak with 17% mortality (GK-684, Germany, October 2017).
RNA used for RNA library preparation was isolated directly from faecal samples (DR-5) without any prior enrichment of viral particles using the QIAamp cador pathogen Kit (Qiagen, Hilden) with the following modifications: Homogenization of the faeces samples was performed in pre-treatment solution using a homogenization device (Homogenisator, Precellys®, peQlab) and Precellys® Ceramic kit, 0.1 mm for microorganisms. After homogenization 100 μl ATL buffer was added to 400 μl homogenized faeces and vortexed vigorously for 5 min. Samples were centrifuged for 1 min at 10,000× g and 400 μl supernatant was supplemented with 50 μl Proteinase K, 250 μl VXL buffer and subsequently incubated for 1 hr at 25°C slightly rocking. Three hundred and fifty microlitre of ACB buffer was added, mixed and samples were centrifuged for 1 min at 10,000× g. Supernatant was loaded on two individual QIAamp cador columns. After washing nucleic acid was eluted in 80 μl AVE buffer.
An NGS library was generated using a modified protocol of the SCRIPT SEQTM v2 RNA Seq Kit (Illumina). NGS libraries were multiplexed sequenced on a HiSeq2500 (2 × 150 bp; Illumina) at a sequencing depth of 20 million reads per sample. De novo assembly of RNA sequence reads and taxonomic classification of assembled contigs were performed as recently described (Fischer et al., 2014 (Fischer et al., , 2015 .
The liver sample (GK-684) was processed following the sample processing workflow as described by Wylezich, Papa, Beer, and Höper (2018) . The finalized library was sequenced using Ion Torrent SL5X. A total of 1,744,763 raw reads were generated and quality trimmed. The Genome Sequencer software suite (version 2.6; Roche) was used to perform mapping analysis against the reference Rotavirus A strain fox-wt/ITA/288356/2011/G18P[17] (accession numbers KT873803-KT873813) resulting in 11 contigs covering all Rotavirus A segments (encompassing 26% of the total reads).
Sequences generated in this study were submitted to GenBank (accession numbers MH568745 to MH568794).
| Virus isolation and titration
For virus isolation, faeces or organ samples were homogenized in phosphate buffered saline (PBS) with ceramic beads in a Fastprep-24 homogenizer (MP Biomedicals) and subsequently mixed with 200 μl chloroform. After centrifugation at 6,000× g for 10 min, the aqueous phase was collected and subjected to treatment with 20 μg/ml trypsin (from bovine pancreas, TPCK-treated; Sigma-Aldrich) for 1 hour at 37°C. Subsequently, 100 μl trypsin-treated homogenate were diluted in 1.5 ml serum-free cell culture medium and added to a nearly confluent culture of African green monkey kidney cells 
| Enzyme-linked immunosorbent assay (ELISA) and immunochromatographic lateral flow test
Selected samples were tested for RVA VP6 antigen using the RIDASCREEN® Rotavirus ELISA kit and the RIDA®QUICK Rotavirus immunochromatographic lateral flow test (both by R-Biopharm AG).
Briefly, samples were homogenized in 10-fold volume of the respective test kit′s dilution buffer. Subsequently, cell debris was removed by centrifugation and both assays were performed according to the manufacturer′s instructions. Analysis of samples providing optical densities exceeding the linear range of the assay was repeated using higher sample dilutions. ELISA results are presented as sampleto-positive (S/P) ratios relative to the positive control provided by the manufacturer.
| Electron microscopy
For negative staining, 30 mg liver tissue was mixed with 500 μl HEPES buffer (Sigma-Aldrich) and homogenized with 2.8-3.3 mm ceramic beads in a Precess 24 homogenizer (Bio-Rad Laboratories) for 20 s at 5,000 rpm. After clarification of the homogenized specimens by centrifugation, a droplet of the supernatant was placed on a parafilm layer for grid preparation. Formvar-carbon coated 400-mesh copper grids (Plano) were placed face side down on the drop of the sample (gridon-drop method) for 5 min. After washing in a droplet of water, grids were stained on a droplet of 1% phosphotungstic acid (pH 7.2). The grids were examined in a JEM 1011 transmission electron microscope (JEOL) at 80kv and 40,000-fold magnification.
| Histopathological analysis
Tissue samples taken at necropsy were fixed in 10% neutral-buffered formalin, embedded in paraffin wax and cut at 4-6 μm thickness. For histopathological examination, haematoxylin-eosin (HE) staining was used according to standard protocols. Figure S3 ), while both surface protein genes (VP4, P and VP7, G) and the NSP2 gene of GK-684/2017 were closely related to the Australian variant (≥98.3% nucleotide and ≥98.5% amino acid identity; Supporting Information Figure S2 ).
| Questionnaires

| Comparison of diagnostic tools for pigeon
RVA infections
Twenty-three selected samples representing different sample types, years, pigeon RVA lineages and negative samples were tested with (Table 1 ). All three PCR-based assays were able to detect the viruses, with the RT-qPCR possessing the highest sensitivity. The ELISA provided sufficient cross-reactivity to detect pigeon RVA antigen in samples with high viral loads (Table 1) , whereas the quick-test did not yield any positive result (data not shown). Virus was successfully isolated and subsequently passaged from more than 10 organ homogenates and faecal samples representing different genetic lineages. Virus isolation using MA-104 cells proved to be more efficient than Vero, MDCK and MDBK cells (data not shown). In the selected sample collection compared here, detected titres reached up to 10 6.1 ffu/ml but did not always correlate with semi-quantitative results of RT-qPCR and ELISA, possibly due to varying qualities of the diagnostic material and/or varying quantities of infectious particles (Table 1) . High numbers of rotavirus particles were visible also by electron microscopy in livers of infected pigeons (Supporting Information Figure S4 ). In contrast, relatively few particles were usually detected in the intestine. Particles of other viruses were not detectable by electron microscopic analysis of RVA-positive 13 liver samples originating from 10 independent outbreaks (data not shown).
| Tissue distribution and long-term shedding of viral RNA
Tissue distribution of the virus was determined for 11 RVA-positive pigeons ( Figure 3a ). Viral RNA was detected in all tested organs, including brain and vagal nerve. Highest levels were found in liver, intestine and spleen. Detection of RVA-specific RNA in cloacal swabs confirmed shedding of the virus with the urofaeces (Figure 3a ).
Follow-up investigations were performed on cloacal swabs collected from four different homing pigeon lofts, which had encountered RVA outbreaks in 2017. High levels of viral RNA were detected during the first week after onset of clinical signs, but gradually decreased thereafter. However, low amounts of viral RNA (C t > 30) remained detectable for at least 12 weeks after the outbreaks (Figure 3c ). Whether the detection of viral RNA also reflects shedding of infectious virus requires further investigation. | 557
| Association of RVA infection with disease outbreaks in pigeons
Questionnaires provided by pigeon breeders and veterinarians were available for 91 lofts sampled in 2013-2018 in Germany. RVA infection (defined as detection of RVA-specific RNA with C t <30 in at least one tested sample) was confirmed for 54 of these lofts (59.3%). In the vast majority of cases, juvenile pigeons aged 2-6 months were clinically affected, but in few outbreaks clinical disease and fatalities also occurred in adults (Figure 4a,b) . Anorexia, vomiting, pasty diarrhoea, emaciation and crops filled with water and seeds (crop stasis) were most often described in RVA-positive lofts, while respiratory or neurologic signs or diphtheroid mucosal lesions were rarely reported The RVA-associated disease in Europe closely matched the description of Australian pigeon RVA outbreaks during 2016 (McCowan et al., 2018 , but had also remarkable similarities to YPDS as observed in European pigeon populations for more than 25 years (Raue et al., 2005) . To further investigate this aspect, we categorized the tested flocks using a 'YPDS score' which was based on the presence of anorexia, vomiting, pasty diarrhoea, crop stasis, an acute course of the disease, the absence of atypical clinical signs (particularly respiratory or neurologic signs or diphtheroid mucosal lesions) and on the lack of other pigeon pathogens. Cases with high YPDS scores showed a clear tendency towards lower C t values (Figure 4f ).
The primary microscopic lesions were acute, severe, multifocal to coalescing, random hepatic necrosis (Supporting Information Figure S5 ). Secondary, but inconsistent, findings included histiocytic and/or lymphoplasmacytic hepatitis and regenerative biliary proliferations. (Alexander, Lister, & Wilson, 1986; Alexander, Wilson, Thain, & Lister, 1984; Kaleta, Alexander, & Russell, 1985) and into Australia in 2012 (Cowan, Monks, & Raidal, 2014) .
| DISCUSSION
In this study, we describe the detection of previously unknown Mortality rates of RVA-associated diseases in domestic pigeons in Europe appear to have increased in 2017 compared to previous years. Affected birds were mainly juvenile pigeons aged 2-6 months.
Intriguingly, in 2016 a virus causing severe and frequently fatal disorders in pigeons of all age groups was discovered in Australia (McCowan et al., 2018) . This may be due to virulence variations between the RVA lineages as well as the result of alternative factors, such as pre-existing immunity in the affected populations. Interestingly, the surface protein genes VP4 (P) and VP7 (G) of the Australian virus are closely related to those of a German isolate from a severe outbreak in 2017, whereas the VP6 segment is more closely related to viruses from non-fatal outbreaks in Germany during 2015-2017 (lineage 2015 (Busi et al., 2017) as well as in experimentally infected mice (Busi et al., 2017; Mori et al., 2001 ).
Viral reassortants containing VP4 and VP7 of a pigeon RVA were able to infect mice, while those carrying VP4 and VP7 segments of turkey and chicken RVAs were unable (Mori et al., 2003) . | 559 considerably in their ability to detect heterologous RVA subgroups (Minamoto et al., 1993) .
Effective immunoprophylaxis strategies against rotaviruses have been described for mammals, but not for poultry (Day, 2013) . Immunization of pheasant or turkey breeding flocks with inactivated vaccines did not result in sustained protection of the offspring (Gough, Cox, & Davis, 1999; Shawky, Saif, & Swayne, 1993) . In contrast, immunization of pregnant cows or passive immunization of calves proved to be effective against rotavirus-induced disease (Saif & Fernandez, 1996; Sakai, Yoon, & Hamakawa, 1996) . Likewise, immunization of children with live-attenuated rotavirus vaccines provides robust protection against diarrhoea (Giaquinto et al., 2011; Leshem et al., 2014) . Further research is required to investigate the protective potential of rotavirus vaccines in pigeons.
In summary, we report the emergence and possible intercontinental spread of a cluster of novel pigeon RVAs, which is associated with severe intestinal and systemic disorders and may considerably impair the health of domestic and wild pigeon populations worldwide.
